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Background

Despite extensive research over the past several decades, there is still no vaccine against 
RSV infection. Nonetheless, the need for such a vaccine remains urgent since RSV is a 
major pathogen, causing considerable morbidity and mortality among different target 
groups, including infants and the elderly [1,2]. 

There have been many hurdles on the way toward an effective RSV vaccine. Difficulties 
have been twofold. First, the disastrous outcome of the 1960 vaccine trial, in which 
children were vaccinated with an alum-precipitated, formalin-inactivated vaccine (FI-RSV) 
[3,4]. Upon vaccination, natural infection resulted in enhanced disease, due to which two 
children died [3,4]. Even though the FI-RSV vaccine induced high titers of RSV-specific 
antibodies, these antibodies appeared to have weak virus-neutralizing activity [5,6]. There 
is no doubt that the disastrous outcome of this trial and the fear of another vaccine failure 
have severely impeded the development of an RSV vaccine. 

Secondly, RSV vaccine development has also been hampered by a lack of knowledge 
about the immunological correlates of protection against RSV infection. Indeed, natural 
RSV infection does not lead to life-long protection and re-infection may occur several 
times later on in life [1]. The basis of frequent re-infection is still unknown. One possibility 
could be an ineffective primary infection which does not lead to sustained immunological 
protection. In addition, it is still not completely clear why RSV infection causes such 
severe disease in infants. It has been suggested that it is a combination of the limitations 
of the infant’s immune system together with viral mechanisms of immune subversion 
and environmental factors that result in severe disease [7–9]. The lack of insight in the 
immunological correlates of protection have made it difficult to define the requirements 
and characteristics of a potential RSV vaccine. 

During the course of RSV vaccine research over the past decades, it has become 
increasingly clear that different vaccine modalities may be required for different target 
populations [10,11]. The distinction between these target groups is whether the subject 
is naïve to RSV antigen and, thus, vaccination will be the first priming event, or whether 
the subject has already experienced a natural RSV infection and vaccination thus involves 
boosting of pre-existing immunity. The most important target groups for vaccination 
include infants (< 6 months of age), young children (> 6 months of age), pregnant 
women, and the elderly and immunocompromised individuals. A live-attenuated virus 
vaccine mimicking exposure to wild-type RSV will probably be most suitable for RSV-naïve 
infants and young children. However, since natural infection with RSV does not lead to 
life-long protection, one may question the potential efficacy of a live-attenuated vaccine.  
In addition, the development of an attenuated virus is challenging, since it is difficult to 
produce a virus that is neither under- nor over-attenuated. An alternative strategy for 
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protecting newborns, gaining considerable interest recently, is to vaccinate mothers 
during the third trimester of pregnancy [10]. In this approach, maternal RSV-specific 
antibodies are transported through the placenta to the unborn child [12]. Finally, with 
respect to the elderly and immunocompromised individuals, it is the dysfunction of the 
immune system that causes symptomatic disease after RSV infection, despite previous 
priming of the immune system by earlier infections. In this group, pre-existing immune 
responses need to be boosted, preferably with a particle-based formulation containing a 
powerful adjuvant, as further discussed below [13–15]. 

Requirements for an RSV Vaccine

Ideally, an RSV vaccine candidate for the elderly should be designed in such a way that 
it boosts memory immune responses and induces high levels of virus-neutralizing (VN) 
antibodies blocking infection. Antibodies towards prefusion F glycoprotein (preF) prevent 
virus cell entry as a result of inhibition of the viral fusion process with the target cell 
membrane. Antibodies directed against site Ø, which is only present on preF, neutralize 
the virus 10- to 100-fold more efficiently  compared to antibodies directed against 
antigenic site II, such as Palivizumab [16]. Antibodies towards antigenic site I, II, and IV, 
which are displayed on both preF and postF, also contribute to neutralization [16,17]. It has 
been shown in several studies that RSV infection induces a rise in antibody levels, which 
then decline within two years to a non-sufficient protection level [18,19]. The induction 
of potently neutralizing antibodies as well as an effective immunological memory by 
vaccination is thus of utmost importance to retain a sufficient protection level.

Virus-neutralizing (VN) antibodies can diminish the number of infected cells from the 
initial infection and delay the spread of the virus into the lower airways. However, once 
infection has been established, T-cells are critical for complete viral clearance. Thus, the 
ideal vaccine should also stimulate CD8 T-cell immunity. Important signals, needed to 
prime naïve T-cells to become functional cytotoxic T-cells (CTLs), include presentation 
of major histocompatibility complex (MHC) class I molecule-peptide complexes, and 
the expression of co-stimulatory molecules, like CD80 and CD86, on mature antigen-
presenting cells (APCs). Through the mechanism of cross-presentation, non-infected 
APCs may take up exogenous antigens and present them on MHC class I molecules to 
T-cells [20]. This mechanism is mostly used by dendritic cells (DCs) if they are not directly 
infected. Additionally, only DCs that are fully mature and activated can successfully cross-
present exogenous antigens. For cross-presentation, a particulate antigen is taken up 
by endocytosis or phagocytosis and, subsequently, the antigen escapes into either the 
cytosolic or vacuolar pathway of cross-presentation [21]. It has been shown that Toll-like-
receptor (TLR) signaling stimulates CD8 T-cell activation by APCs [22]. Specifically, TLR4 
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activation of APCs induces the recruitment of transporters of antigenic peptides (TAP) 
to the early endosome. Exogenous antigens that are transported into the cytosol, are 
processed to peptides by the proteasome and imported by TAP from the cytosol to the 
endosome for loading onto MHC class I molecules [23]. Incorporation of a TLR4-adjuvant 
in a (particulate) vaccine, that stimulates APCs, therefore, will lead to activation of the 
adaptive immune system, including RSV-specific CD8 T cells, which is needed for the full 
protective effect of vaccination. Consequently, as will be discussed later, adjuvants play a 
crucial role in the induction of T-cell immunity.

An RSV candidate vaccine should also be stable upon long-term storage and additionally 
should have a low toxicity profile without reducing the vaccine’s immunogenicity and 
efficacy. Furthermore, the vaccine needs to be amenable to production under GMP 
conditions. Especially aggregation of particulate vaccine antigen is not acceptable in 
the context of GMP guidelines [24]. Besides that, adjuvants included in the vaccine 
need to have an excellent safety profile with the lowest possible chance of immediate 
adverse effects like pain, swelling or fever or any other adjuvant-associated problem 
upon injection. It should be noted that in pregnant women, potential adverse effects of 
adjuvanted vaccines on pregnancy have not been extensively studied yet [25].

prior research and aims of the project at the start 

This thesis is based on a 2+2 sandwich PhD trajectory involving a close collaboration 
between industry (Mymetics BV, Leiden, The Netherlands) and academia (University 
Medical Center in Groningen – UMCG – in Groningen, The Netherlands). The first two years 
of this particular PhD trajectory were accomplished at the premises of Mymetics BV in 
Leiden and the last two years at the UMCG. This unique cooperative project fuses industry 
and academia together and besides that, information was gained about how to work in an 
industrial surrounding compared to academia. Here we set out to develop an efficacious 
RSV vaccine for the elderly and/or pregnant women based on virosome technology. 
Mymetics BV has extensive expertise in the area of virosomal vaccine development. 
Besides the RSV virosomal vaccine candidate, Mymetics BV is also developing virosomal 
vaccines for HIV/AIDS, malaria, influenza, and chikungunya virus infection. 

As mentioned previously, vaccination of the elderly or pregnant women relies on 
boosting of pre-existing immune responses. Here, we describe a particle-based vaccine 
formulation, based on the use of virosomes, containing a built-in adjuvant. Virosomes are 
reconstituted viral envelopes that contain all the membrane glycoproteins of the virus, 
but lack the viral nucleocapsid containing the viral genome. Due to the removal of the 
nucleocapsid, virosomes are non-replicating particles. During reconstitution an adjuvant, 
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derived from the TLR4 ligand Monophosphoryl lipid A (MPLA), is incorporated in the 
virosomal membrane. 

Earlier studies of Stegmann et al. and Kamphuis et al. have shown that RSV virosomes, 
with an incorporated Pam3CSK4 (a TLR2 ligand) or MPLA adjuvant, administered 
intramuscularly, induce protective levels of VN antibodies, a favorable balanced Th1/Th2 
response, and no signs of enhanced respiratory disease (ERD) upon virus infection in mice 
and cotton rats [26–28]. Moreover, these virosomes were also tested by Shafique et al. 
for their immunogenicity when administered through the mucosal route of vaccination 
[26]. Upon intranasal administration, virosomes induced not only RSV-specific serum IgG 
antibodies but also local IgA antibody responses in the upper and lower respiratory tract. 
Also, the vaccine conferred protection against a virus challenge without signs of ERD.  

Our aim in the present study was to optimize the RSV virosomal vaccine candidate 
that as described by Kamphuis et al., Stegmann et al. and Shafique et al. [26–29]. We set 
out to improve the formulation of the vaccine by testing a synthetic variant of MPLA. 
Additionally, the vaccine’s long-term stability was monitored. Furthermore, we attempted 
to improve the capacity of virosomes to induce VN antibodies by employing thermostable 
virus strains with enhanced preF stability. Finally, with the knowledge that we gained 
from the initial virosome studies, we improved the concept of virosomes by switching 
to synthetic liposomes with conjugated stabilized recombinant preF and/or postF 
glycoprotein derived from RSV.

The choice of the adjuvant

The addition of an adjuvant is crucial in the development of an RSV vaccine for the elderly 
or pregnant women since it will stimulate antibody responses and help to induce cross-
presentation of viral antigens. To date, only a few adjuvants are accepted for use in human 
vaccines [30]. MPLA is a derivative of bacterial lipopolysaccharide (LPS), and 10,000x less 
toxic than LPS. MPLA is one of the adjuvants that is already used in vaccines licensed for 
use in humans with an acceptable safety profile [31]. The molecule is lipophilic; therefore, 
it is possible to incorporate it into the membrane of virosomes. MPLA is a TLR4-agonist and 
has been shown to stimulate/boost the immune response against antigens with which it 
is co-administered [32]. The characteristics of MPLA were reasons to use this molecule for 
our studies.

In Chapter 2 we investigated in detail the immunoactivating properties of RSV-MPLA 
virosomes in vitro and in vivo. Using a TLR4-expressing cell line with an inducible secreted 
embryonic alkaline phosphatase (SEAP) gene that is fused to the NFκB and AP-1 binding 
site, we showed that the TLR4-activating capacity of RSV virosomes is strongly enhanced 
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by the incorporation of MPLA in the virosomal membrane. Also, upregulation of co-
stimulatory molecules in DCs is enhanced when the cells are incubated with RSV-MPLA 
virosomes. MPLA has been shown to induce a TRIF-based signaling cascade upon TLR4 
activation. Additional activation through MyD88 is likely and transcription factors that 
are induced downstream of both adaptor molecules stimulate the induction of type-I 
IFN (via TRIF) and NFκB (via MyD88) [33]. As TLR4 is expressed on different immune cells, 
including DCs and B cells [34], multiple effects of the virosome-incorporated TLR ligand 
on these cells are to be expected, including activation of these cells and expression of co-
stimulatory molecules.

In Chapter 3, we were interested if we can replace MPLA with a synthetic variant of the 
molecule. A switch to a synthetic, well-defined version of MPLA is advantageous for use 
under conditions of GMP. This will reduce the possibility of batch-to-batch variation during 
vaccine production significantly. Particularly, the bioactivity of the adjuvant is better 
controlled as it consists of a single variant of the MPLA molecule -with known bioactivity- 
instead of a mix of different variants of MPLA, with varying bioactivity, as is the case with 
LPS-derived MPLA. However, the synthetic adjuvant replacement should not lead to 
reduced immunopotentiating properties, therefore the potency of the synthetic adjuvant 
should be at least similar to that of LPS-derived MPLA. We evaluated the direct and indirect 
effects of virosome-incorporated MPLA on DC and B cell activation and isotype switching 
in vitro with two MPLA variants: 3-OD-MPLA and PHAD®. 3-OD-MPLA, a derivative of MPLA 
produced by alkaline hydrolysis, is already present in marketed vaccines, like Cervarix® 
[35,36], and PHAD® is currently tested in the context of influenza vaccines in pre-clinical 
non-human primate trials [37]. The MPLA variant 3-OD-MPLA contains a phosphorylated 
carbohydrate backbone and variable numbers of acyl chains that also vary in length. 
PHAD®, however, contains six 14-carbon fatty acid acyl groups and is synthetic [38]. In 
vitro, the three studied variants of MPLA, incorporated in virosomes, had the same 
potential to activate murine DCs. Furthermore, in vivo, the different MPLA-containing 
virosomes induced a ratio of IgG1 to IgG2a antibodies similar to that observed with LPS-
derived MPLA incorporated in virosomes in Chapter 2. Direct signaling on B cells through 
TLR4 is sufficient to support B cell proliferation and IgG1 production, although IFNα in 
addition appears to be important for fine-tuning of the IgG subtype switch towards IgG2a 
[39–41]. Indeed, we observed a reduced IgG1 production when IFNα was added to B cells 
cultured with anti-CD40 and virosomes with different MPLAs (Chapter 3). Indirect effects 
on antibody production and subtype switch can also be mediated by soluble factors 
produced by DCs upon their stimulation [39]. The data in Chapter 3 revealed that not only 
native MPLA, but also 3-OD-MPLA and PHAD®, incorporated in virosomes, are capable of 
activating DC and B cells, and inducing an IgG subtype switch (from IgG1 to IgG2a). Since 
DC and B cell activation was not different with the two alternative variants of MPLA and 
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isotype switching was induced, albeit at a lower level compared to that induced by LPS-
derived MPLA, we decided to use synthetic MPLA which is more suitable for production 
under conditions of GMP than the semisynthetic 3-OD-MPLA.

A fully synthetic alternative to 3-OD-MPLA or PHAD®, which is preferred under GMP 
conditions, is 3D-PHAD®. It is a single synthetic MPLA molecule compared to the mixture 
of different molecules in 3-OD-MPLA or PHAD®. 3D-PHAD® is identical to one of the most 
active molecules present in 3-desacyl MPLA and similar to PHAD®. Since 3D-PHAD® seems 
to have the characteristics of a promising synthetic adjuvant, we used this well-defined 
molecule in our subsequent studies.

In Chapter 4 we studied the induction of protective VN antibodies and cellular immunity, 
i.e. RSV-specific CD8 T-cells, upon immunization of mice with RSV virosomes containing 
3D-PHAD®, in comparison with virosomes containing LPS-derived MPLA. Surprisingly, 
3D-PHAD® virosomes were found to be superior to MPLA-containing virosomes in 
potentiating RSV-specific IgG and VN antibodies. Further, 3D-PHAD®, similar to MPLA [26], 
potentiated the induction of RSV-specific CD8 T-cells through cross-presentation. Similar 
results were found by Genito et al. who used a soluble malaria circumsporozite protein 
vaccine adjuvanted with 3D-PHAD® and QS21 [43]. Increased B and T cells responses 
and higher IgG2c antibody titers were found when C57BL/6J mice were immunized 
with the 3D-PHAD®/QS21-containing malaria vaccine compared to immunization with 
vaccine formulations without 3D-PHAD®, underlining the potent adjuvant activity of 
3D-PHAD® on humoral responses and also T cell responses [43]. The synthetic version of 
MPLA, 3D-PHAD®, thus appears to be an excellent replacement for MPLA as it has strong 
immune-stimulatory capacity, it is advantageous for use under GMP conditions, and it has 
a safety profile similar to that of LPS-derived MPLA [42]. Clearly, 3D-PHAD® is the preferred 
adjuvant for use in a virosomal RSV vaccine.

Lower levels of the synthetic adjuvant could further improve the safety of the vaccine. In 
Chapter 6, low levels of the adjuvant 3D-PHAD® incorporated in RSV virosomes appeared 
to be sufficient to boost IgG levels and induce a balanced IgG1/IgG2a response in vivo. 
Current commercially available vaccines, like Cervarix® or Fendrix® [35,44], use 1250 µg 
or even 2500 µg per mg of vaccine protein. In Chapter 6, 18 µg 3D-PHAD® per mg of 
vaccine protein boosted (VN) antibody responses and induced IgG2a-type antibodies. 
Also, 66 µg 3D-PHAD® per mg of virosomal protein was as effective as a high level of 460 
µg 3D-PHAD® per mg vaccine antigen, a dose used in a previous study of this project. 
These adjuvant levels are at least 19-fold lower compared to the levels of MPLA used 
in the commercial vaccines. The potent immune response induced by RSV virosomes 
containing relatively low amounts of 3D-PHAD®, as described in Chapter 6, is likely due 
to the improved bio-availability of 3D-PHAD® and its tight association with the virosomal 
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membrane that carries also the vaccine antigens. The use of low concentrations of an 
adjuvant in human vaccines is a considerable advantage, especially when the vaccine is 
to be used for vaccination of pregnant women [25]. 

Virosome characterization

Another important feature of GMP production is related to quality control. Besides a 
low toxicity profile and high immunogenicity of the vaccine, the manufacturability of 
the final product under GMP conditions is also of importance. In Chapter 5, quantities 
of 3D-PHAD® and lipids incorporated in RSV virosomes were evaluated as well as the 
long-term stability of the particles. After weeks to months of storage, we noticed that the 
virosomes sedimented which suggests that they aggregate over time. However, during 
a follow-up study of ten months, the size distribution of the stored virosomes remained 
almost the same with only a small increase in particles > 150 nm. Thus, the sedimentation 
that occurred during storage is largely reversible and the virosomes appeared to be stable. 
Moreover, the virosomes retain the two major envelope glycoproteins F and G in a similar 
ratio compared to the ratio in the native virus.

Initially, a relatively low recovery of 3D-PHAD® was observed after virosome production. 
This loss of adjuvant was noticed upon filtration of the dissolved dry-lipid film with 
DCPC. It appeared that under this condition only a fraction of 3D-PHAD® was completely 
solubilized, even though the solution appeared clear to the naked eye. Probably 
aggregates or micelles of 3D-PHAD® are subsequently lost during the filtration step. In 
Chapter 5, several techniques were used to improve the incorporation of 3D-PHAD® in 
the virosomal membrane. During the final optimization process, the yield of incorporated 
3D-PHAD® was improved by pre-dissolving 3D-PHAD® in DMSO and adding this mixture to 
preformed virosomes. Under these conditions, the adjuvant was essentially quantitatively 
inserted into the virosomal membrane.

Improvement of the virosome concept

In the course of our studies, we encountered various issues related to the virosome 
production process. During the virus solubilization step, probably a fraction of the 
metastable preF protein flips into its stable postF form (unpublished observations). This 
premature conformational change of the F protein is possibly due to the loss of anchoring 
of F in the virus membrane and its concomitant dissociation from the matrix protein 
[45,46]. Yet, it is very important not to lose the preF conformation of the F glycoprotein in 
an RSV vaccine, Indeed, recent failures of RSV vaccines based on the use of postF antigen, 
like the subunit vaccine of Novavax [47], support the use of F glycoprotein antigen in its 
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preF conformation, such that more potent VN antibody responses are induced. Currently, 
a subunit vaccine which contains a stabilized version of preF (DS-Cav1) is being evaluated 
in initial clinical trials [48]. 

In Chapter 6, we compared virosomes derived from RSV A2 with virosomes derived from 
two thermostable virus strains with increased preF stability. L19F was originally derived 
from a sick infant at the University of Michigan in 1967 [49]. The other strain is a mutated 
version of L19F, L19F I557V, with a mutation leading to a substitution of isoleucine for 
valine in the membrane anchor sequence of the viral F glycoprotein [50]. Both strains 
display a higher thermostability and higher levels of preF compared to RSV A2 [51]. 
Indeed, virosomes produced from these two strains were found to have an increased 
capacity to induce VN antibodies compared to RSV A2 virosomes (Chapter 6), but, they 
did not induce higher levels of preF-specific IgG titers compared to levels induced by RSV 
A2 virosomes. Perhaps, solubilization of the viral envelope proteins with DCPC induces 
some conversion of preF into postF regardless of the thermostability of the (envelope-
anchored) protein. Additionally, it is also not known if the thermostable strains contain 
overall more viral F glycoprotein compared to RSV A2 virions. Thus, virosomes derived 
from both thermostable strains L19F or L19F I557V are suitable vaccine candidates. 
However, more research is needed to validate (and perhaps improve) the level of preF 
that is present on virosomes derived from these thermostable virus strains. 

An alternative and potential improvement to the original virosomal vaccine is presented 
in Chapter 7, where we evaluated a novel RSV vaccine concept: proteoliposomes. 
These liposomes contain a lipid molecule, DGS-NTA(Ni2+), bearing a chelated nickel ion 
at the polar head group. His-tagged (recombinant) proteins may be coupled through 
an electrostatic interaction between the His-tag and the Ni2+ ion of the DGS-NTA(Ni2+). 
Using this approach, it is possible to produce proteoliposomes that carry (recombinantly 
expressed and His-tagged) stabilized preF or postF. Different groups have already 
developed proteoliposomes with other proteins conjugated to liposomes in a similar 
manner [52–55]. In Chapter 7, we created preF- or postF-proteoliposomes with a high 
density of conjugated protein on their surface. Based on recovered protein and lipids, we 
calculated that one proteoliposome has an average of ~350 preF trimers or ~200 postF 
trimers conjugated to the outer surface of the liposomal membrane. 

In Chapter 5 we found that the F protein incorporated in the virosomal membrane is 
present at a lower concentration than on a virion. This is due to the addition of synthetic 
phospholipids and cholesterol during virosome production. The ratio of recovered 
protein and phospholipid of the virosomes is approximately 1:1 (1 µmol phospholipid/ 1 
mg protein). Approximately one third of the recovered protein is the Matrix (M) protein. In 
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Chapter 5 we measured an F to G ratio of 5.3:1 on the virosomes. Thus, one mg of virosomal 
protein probably contains 0.33 mg M protein, 0.13 mg G protein and 0.54 mg F protein. 
Additionally, during reconstitution of the virosomes, the viral envelope glycoproteins 
appear to be randomly incorporated into the virosomal membrane, with part of the 
proteins’ ectodomains being oriented toward the exterior surface of the virosomes and 
part toward the virosomal lumen. This was already noticed with influenza virosomes [61], 
and implies that fewer spikes are presented on the surface of virosomes compared to 
virion particles, even though the membrane protein/lipid ratio is the same in either case. 

In the proteoliposomes described in Chapter 7, the ratio of lipid and protein was 
also 1:1. However, compared to virosomes, clearly, more F protein is presented on the 
surface of the proteoliposomes, since all F trimers are conjugated to the outer leaflet of 
the liposomal membrane. We calculated that each proteolipossome particle contains on 
average 300 F protein trimers. If we compare this to virosomes, of which 0.54 mg F protein 
is recovered and 50% of the protein is outwards orientated, only 75 trimers per particle 
are presented on the outer surface. Furthermore, characterization by cryo-EM of preF- 
and postF-proteoliposomes revealed uniform densely packed spherical particles, carrying 
antigens that display intact epitopes, like antigenic site Ø on preF (Chapter 7). 

Proteoliposomes have several advantages compared to RSV virosomes. The 
production of proteoliposomes does not require the culture of virus, the particles are 
fully synthetic, the adjuvant 3D-PHAD® is easy to incorporate during production and 
proteoliposomes can carry higher levels of F protein than found in RSV virosomes. On 
the other hand, the recombinant RSV F needed for the proteoliposomes, needs to be 
produced in high quantities in cell culture and purified, which can be expensive. Taken 
together, proteoliposomes form an attractive alternative to virosomes for use in a future 
RSV vaccine. 

Vaccine-induced immunity

One of the vaccine requirements mentioned previously is the induction of high VN 
antibody titers to prevent binding and/or fusion of the virus to the target cell [17]. RSV A2 
virosomes with MPLA induce VN antibodies, in levels that are protective in mice after virus 
challenge (Chapter 2). In Chapter 4, RSV A2 virosomes with 3D-PHAD® induce even higher 
VN antibody titers in mice compared to MPLA-containing virosomes. VN antibody titers 
were further increased when mice were vaccinated with 3D-PHAD® virosomes produced 
with the L19F mutant strain (Chapter 6). The incorporation of MPLA or 3D-PHAD® in the 
virosomes leads to the induction of antibodies with higher neutralizing capacity, possibly 
through improved antibody affinity maturation. Generally, inclusion of TLR ligands in 
vaccines has been shown to facilitate the induction of high-affinity antibodies [56]. 
Finally, 3D-PHAD®-containing preF-proteoliposomes induced significantly higher titers 
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of RSV preF- and postF-specific IgG antibodies than non-adjuvanted proteoliposomes 
but not significantly higher VN antibodies (Chapter 7). The latter was expected, based 
on the outcome of ELISA antibody levels. Notably, neutralization titers in most groups 
showed a rather high variance which highly influenced the outcome of the statistical 
comparison between groups. A higher (intra-assay) variance in the NIH neutralization 
assay used in Chapter 7 -compared to variance observed in the UMCG variant of the 
neutralization assay (Chapters 2, 4, 5 and 6)- may have obscured the boosting effect of 
MPLA on VN antibody titers . Clearly, both virosomes and preF-proteoliposomes induced 
protective levels of VN antibodies in mice, as evidenced by the protection of virosome/
proteoliposome-immunized mice against viral infection (Chapters 2, 4, 6 and 7).

The cellular arm of the adaptive immune system aids in reducing virus infection. As 
described previously, an RSV vaccine should induce CD8 T cells, e.g. CTL, responses to 
clear already infected cells. 

Early studies with influenza virosomes by Stegmann et al. revealed that reconstituted 
virosomes retain the membrane-fusion capacity of the native virus or whole inactivated 
virus particles (WIV) [57,58]. Due to the fusion activity of the viral HA, virosome-
encapsulated antigen, or the nucleocapsid in case of WIV, is deposited in the cytosol of 
APCs, where it is processed to peptides by proteasomes, thereby providing access to 
the MHC class I presentation route [59]. For a long time it was believed that only this 
route leads to MHC class-I restricted antigen processing which implements that only 
fusion-active virosomes (or WIV particles) are able to induce a MHC class I-restricted CTL 
responses, as only fusion-active virosomes or WIV particles would have the capacity to 
deposit antigens in the cytosol of APCs [59]. However, Budimir et al. noticed that not only 
vaccination with fusion-active WIV primes NP-specific CTLs activation in vivo, but also 
vaccination with fusion-inactive WIV, albeit to a significantly lower extent [60]. This means 
that fusion activity, with deposition of antigen into the cytosol is not mandatory for MHC 
class-I restricted antigen processing and induction of CTLs. It has been established that 
APCs can also process exogenous antigens, e.g. antigens taken up through phagocytosis 
or endocytosis, and present peptides thereof in the context of MHC class I molecules. 
This process is referred to as ‘cross-presentation’. In order to induce cross-presentation, 
vaccine particles should properly activate the APC through, for example, TLRs on APCs. 
A TLR ligand, such as single-stranded RNA (a TLR7 ligand) in the case of WIV or virosomal 
MPLA (a TLR4 ligand) should therefore be included in the vaccine particle in order to  
induce cross-presentation [61]. It is not known whether RSV virosomes are fusogenic like 
influenza virosomes. But, as mentioned above, the incorporation of a TLR4-stimulating 
adjuvant in RSV virosomes most likely potentiates CD8 T cell activation by DCs through 
the induction of cross-presentation of exogeneous antigen, thereby (in part) bypassing 
the need for fusogenic activity of the particles.  
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The incorporation of MPLA in a particle, like RSV virosomes or proteoliposomes, allows 
delivery of both antigen and adjuvant at the same time to the same APC, leading to 
efficient activation of the target cell. Virosomal MPLA activates TLR4 through the myeloid 
differentiation primary-response protein (MyD88), initiating signal transduction from the 
plasma membrane. Subsequently TLR4 is internalized into endocytic compartments and 
activation of TLR4 engages TRIF. It is important to note that simultaneous activation of the 
MyD88 and TRIF pathways is important for priming adaptive T cell responses [62]. 

In Chapter 4, RSV-F specific IFNγ-producing CD8 T cells could be observed in the 
3D-PHAD® virosome vaccinated groups. Clearly, these class-I MHC-restricted CD8 T cells 
must have been induced by the vaccine. In Chapter 7 we showed that immunization of 
mice with proteoliposomes with 3D-PHAD® induces higher numbers of RSV F-specific IL2-, 
IFNγ- and TNFα-producing CD8+ T-cells in lungs of infected mice compared to numbers 
induced by soluble antigen mixed with 3D-PHAD®-containing liposomes. This means 
that virosomal and proteoliposomal antigens must have gained access to the MHC class I 
route of antigen cross-presentation. Incorporation of the adjuvant 3D-PHAD® most likely 
results in adequate activation of DCs via the TLR4 receptor, like LPS-derived MPLA does. 
Several groups have shown that co-delivery of antigen and adjuvant are required for the 
induction of primary CD8+ CTL responses [63–65]. Thus, antigens that are conjugated 
to 3D-PHAD®-containing proteoliposomes or incorporated in the virosomal membrane 
are able to enter the cross-presentation pathway of DCs to finally activate CD8+ CTL 
responses. This underlines the immunopotentiating effect of delivering adjuvant and 
antigen in one particle. Indeed, the incorporation of the adjuvant in the particle does not 
only improve immunogenicity of the vaccine in terms of antibody induction but can also 
lead to the induction of a cell-mediated immune responses 

To summarize, both virosomes and proteoliposomes with incorporated 3D-PHAD® 
induce protective levels of neutralizing antibodies and CD8+ T-cell responses. 

Concluding remarks and future perspectives

Based on the data presented in this thesis, we conclude that RSV virosomes and 
proteoliposomes, with 3D-PHAD® as an immunomodulating adjuvant, represent 
promising RSV vaccine candidates. As described previously, an RSV vaccine should meet 
the following requirements: 1) optimal induction of VN antibodies against antigenic site 
Ø, II, III, IV and V, 2) induction of antigen-specific CD8 T-cell responses 3) stability upon 
long-term storage and 4) robust production under GMP conditions. 

So far, we have shown that RSV virosomes and proteoliposomes fulfill a number 
of these requirements. Because of the presence of the F protein, RSV virosomes and 
proteoliposomes induce protective VN titers. However, at what levels antibodies towards 
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antigenic site Ø, II, III, IV and V are induced needs to be further investigated. The adjuvant 
3D-PHAD® aids in induction of CD8 T-cells. Additionally, 3D-PHAD® in RSV virosomes 
resulted in a balanced Th1/Th2 immune response, as evidenced by the induction of Th1-
signature IgG2a isotype antibodies, in addition to the induction of Th2-signature IgG1 
isotype antibodies. Furthermore, our experiments show that 3D-PHAD® virosomes are 
stable after long-term storage. Whether or not RSV virosomes or proteoliposomes will 
induce a robust immune response in humans, as has been shown in mice, has to be 
assessed in clinical trials.

At least for two target populations, newborns and the elderly, an RSV vaccine is urgently 
needed. As described, these groups have notable differences in the properties of 
their immune system. Due to the immaturity of the immune system of newborns, this 
population may not benefit optimally from vaccination. However, with the vaccination of 
pregnant women in the last trimester, newborns may well be protected during the first 
few, most vulnerable, months after birth. It is important that a vaccine for pregnant women 
induces high titers of VN IgG antibodies in the mother, as this will lead to translocation 
of sufficiently high levels of VN IgG to the (unborn) child resulting in protection against 
RSV infection. Besides indirect protection of newborns by their mothers’ antibodies, an 
attenuated virus vaccine could further support the induction of protective immunity. 
However, this vaccine may be more suitable when the newborn has grown to the age 
of three to six months. Therefore, protecting the most vulnerable group, the newborns, 
through their mother will probably be safer and more efficient than vaccinating newborns 
with an attenuated virus vaccine.

The elderly suffer from an age-related dysfunction of the immune system. Specifically, 
a decline in cell signaling efficiency and CD4+ T cell function can contribute to a reduced 
vaccine efficacy [66]. In the elderly, incorporation of the adjuvant might not only improve 
immunogenicity of the vaccine but also act on APCs to produce inflammatory cytokines 
that support a boosting of the aged immune system. A particle-based or subunit vaccine 
containing a strong adjuvant will be the most suitable vaccine for this target group. 

In this thesis, two possible RSV vaccine candidates, RSV virosomes and proteoliposomes, 
were analyzed and discussed. Both vaccines are promising RSV vaccine candidates. 
However, several questions remain. Which of these two candidates is more immunogenic 
and/or which of these two vaccines is easier to produce and more cost-effective in large-
scale production? Both vaccines should be compared in a head-to-head animal experiment 
to determine if there is a difference in the induction of RSV-specific IgG antibodies, VN 
antibodies and RSV-specific CD8 T cells. Clearly, proteoliposomes have the advantage of 
being fully synthetic, they are easier to produce under GMP and their production may 
be less labor-intensive than production of virosomes. However, the use of DGS-NTA(Ni2+) 
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could have some drawbacks. For example, the conjugation of His-tagged protein to the 
nickel ion has proven to be not that strong [52]. These particles might therefore be less 
stable during long-term storage, although using cobalt as an alternative to nickel has 
been shown to improve the binding stability of protein antigens [52]. Also, the production 
of high amounts of recombinant stabilized protein can be labor-intensive and expensive. 
Furthermore, a number of aspects of proteoliposomes need to be further explored, like 
their stability, optimal lipid composition and the antigens that they carry. With respect to 
the latter, the addition of G-protein to the vaccine could induce additional VN antibodies 
which are also helpful to prevent natural infection [67]. Furthermore, a mixture of preF 
and postF presented on proteoliposomes could result in a different composition of RSV-
specific IgG antibodies induced by antigenic sites that are differentially displayed on preF 
and postF, such as sites Ø, I, II, III, IV and V. This composition may be steered towards an 
antibody response with optimal virus-neutralizing capacity by changing ratios of preF to 
postF. 

So far, proteoliposomes carrying stabilized preF, i.e. DS-Cav1 [15], have induced protective 
levels of VN antibodies in mice, but the levels are not as high as those induced by soluble 
DS-Cav1 co-administered with alum to mice (Chapter 7). Additionally, proteoliposomes 
probably do not have the fusogenic characteristics of influenza virosomes or WIV because 
of the stabilization of the preF conformation. DS-Cav1 is probably able to bind to the 
cells’ target receptor but fusion cannot take place since the protein is not able to change 
its conformation. However, the incorporation of 3D-PHAD into the proteoliposomes, as 
mentioned previously, allows the delivery of both antigen and adjuvant at the same time, 
leading to efficient activation of the target cell. Furthermore, our preF-protoeliposomes 
induced RSV-specific CD8 T-cells, probably through cross-presentation. 

DS-Cav1 shows great promise as a (component of ) future RSV vaccine(s): DS-Cav1 
combined with alum is currently used in a clinical trial [48]. Besides DS-Cav1, many 
other promising vaccine approaches are currently under development. The focus in 
RSV vaccine development remains mostly on vaccine designs based on the F protein 
in its pre- or postfusion conformation. Novavax is currently the farthest in RSV vaccine 
development, however, their vaccine contains postF, which might not be ideal to induce 
sufficient protection. Additionally, not much information is available about the long-term 
protection afforded by those vaccine candidates.

To date, there is not a uniform reporting system to present data on RSV-neutralizing 
antibodies, like for influenza. This makes it difficult to compare RSV vaccine candidates 
with each other. The RSV community is currently working to implement an international 
unit/standard to report neutralization data which hopefully in future will help to compare 
different clinical trials.
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Taken together, the data presented in this thesis, demonstrate that RSV virosomes or 
proteoliposomes containing 3D-PHAD® as an adjuvant, represent promising RSV vaccine 
candidates. We optimized and improved the RSV virosomal vaccine that was earlier 
described by Kamphuis et al., Stegmann et al. and Shafique et al. [26–28] and improved the 
capacity of virosomes to induce VN antibodies by employing thermostable virus strains 
with a stabilized preF. Considering the advantages and disadvantages of virosomal and 
proteoliposomal vaccine formulations, I tend to conclude that proteoliposomes represent 
the most promising RSV vaccine candidate, particularly since proteoliposomes provide 
the ability to control the amount of the viral preF on the surface of the particle. 

Hopefully, an effective RSV vaccine for the high-risk groups will soon become available. 
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